INTRODUCTION {#sec1-1}
============

*Plumbago indica* (PI) L., a shrub belonging to the family Plumbaginaceae, is widely distributed in tropical and subtropical regions of Africa, Australia, and Asia including Thailand \[[@ref1]\]. PI root has been used as an ingredient in ayurvedic remedies for diarrhea, indigestion, and several skin diseases and has also been applied as an anthelmintic, appetite stimulant, and rubefacient \[[@ref2]-[@ref4]\]. In addition, PI extract has been reported to possess antibacterial activity \[[@ref5]-[@ref7]\]. While all *Plumbago* species have been claimed to have antifertility properties \[[@ref8]\], PI was exceptionally used in the ancient remedies for abortion \[[@ref2]\].

Plumbagin (5-hydroxy-2-methyl-1,4-naphthoquinone), a yellowish quinonoid compound, is the major constituent that contributes to the medicinal properties of PI \[[@ref3],[@ref9]\]. The root contains the highest amount of plumbagin (0.17% w/w) among *Plumbago* species and is the part mostly contained in the medicinal remedies \[[@ref10]\]. Plumbagin has been claimed for various biological activities, i.e., anthelmintic \[[@ref4],[@ref9],[@ref11]\], antimalarial \[[@ref12]\], antibacterial \[[@ref6]\], antifungal \[[@ref13]\], anti-inflammatory \[[@ref14],[@ref15]\], immunosuppressive \[[@ref16]\], abortifacient \[[@ref8]\], anticancer \[[@ref14],[@ref17]-[@ref20]\], and antidiabetic activities \[[@ref21]\].

Nowadays, traditional herbal remedies are often perceived as harmless due to the belief that they are natural \[[@ref22]\]. Potential toxicities in these remedies are often overlooked due to a lack of scientific studies regarding safe-dosage range, safety windows of effective and toxic doses \[[@ref23]\]. Recent evidence indicates that herbal supplements are regularly consumed as alternative medicines by approximately 20% of the adults in the United States \[[@ref24]\]. Hence, any scientific information regarding undesirable effects and toxicity of these herbal supplements would be of great significance.

Plumbagin has been reported to exhibit several side effects including diarrhea, skin rashes, leukocytosis, and increased serum phosphatase levels \[[@ref25]\]. In addition, there are reports of plumbagin-induced hepatotoxicity \[[@ref3],[@ref25],[@ref26]\], cardiotoxicity \[[@ref27]\], cytotoxicity toward human keratinocytes \[[@ref26]\], and radiomimetic nucleotoxic and cytotoxic effects \[[@ref3]\]. These effects are possibly due to the activity of plumbagin as a strong inducer of reactive oxygen species (ROS) and a depleting agent of cellular glutathione (GSH) \[[@ref26],[@ref27]\].

Antioxidative enzymes, such as superoxide dismutase (SOD), catalase (CAT), and GSH peroxidase (GPx), are essential for regulating and balancing ROS \[[@ref28]-[@ref30]\]. Therefore, they can be employed as biomarkers to determine the levels of ROS production and oxidative stress \[[@ref30]\]. In addition, drug-induced liver injury subsequent to long-term use of drugs or herbal supplements can be evaluated via histomorphology. Common histopathological patterns for drug-induced liver injury include acute hepatitis, with or without cholestasis \[[@ref31]\].

In the current study, plumbagin and the methanolic crude extract of PI were examined for their influences on the antioxidative enzymes and GSH profile along with the plasma transaminase levels and hepatic histomorphology to assess hepatotoxic potential and their possible adverse effects in mice.

MATERIALS AND METHODS {#sec1-2}
=====================

Chemicals and Reagents {#sec2-1}
----------------------

Plumbagin was obtained from the LKT Laboratories (St. Paul, Minnesota, USA). Bradford solution was a product of Bio-Rad (Hercules, CA, USA). Eosin Y 1% aqueous solution and Mayer's hematoxylin were from Bio Optica (Milan, Italy). Xylene and Permount^®^ were bought from Fisher Scientific (Loughborough, UK). Alanine transaminase (ALT) and aspartate transaminase (AST), bovine serum albumin, β-nicotinamide adenine dinucleotide phosphate reduced form (NADPH), xanthine oxidase, nitroblue tetrazolium (NBT), 5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB), SOD, CAT, GSH reductase, malondialdehyde (MDA), thiobarbituric acid (TBA), and 4-vinylpyridine (4-VP) were supplied by Sigma-Aldrich Chemical (St. Louis, Missouri, USA). Ammonium molybdate and hydrogen peroxide (H~2~O~2~) were purchased from Ajax Finechem (Melbourne, Australia). Trichloroacetic acid (TCA) was a product of Loba Chemie (Mumbai, India). All other laboratory chemicals were of the highest purity from commercial suppliers.

Preparation of the PI Methanolic Crude Extract {#sec2-2}
----------------------------------------------

The root of PI was purchased from Mor Tong-In Thai Traditional Medicine (Mahasarakham, Thailand) in June 2014. Plant materials were identified by Dr. Waraporn Putalun, Faculty of Pharmaceutical Sciences, Khon Kaen University, Khon Kaen, Thailand. Reference specimens (PANPB-PI 2014-002) were deposited at the Herbarium of the Faculty of Pharmaceutical Sciences, Khon Kaen University. It was dried at 50°C in an oven then shredded and extracted with methanol for 3 h using a Soxhlet apparatus. The extract was then evaporated and freeze-dried into powder. The percentage yield of the PI extract was 33.40%.

Determination of the Plumbagin Content in the PI Extract {#sec2-3}
--------------------------------------------------------

The PI extract was analyzed for the plumbagin content using high-performance liquid chromatography (HPLC) which was carried out on a Hypersil ODS column (Agilent Technologies, CA, USA, particle size 5 μm, 250 × 4 mm) coupled with an Agilent 1260 Infinity system and a UV detector (Agilent Technologies), before being eluted by an isocratic linear solvent system of acetonitrile and water (50:50 by volume) with a flow rate of 1 mL/min. The chromatogram was monitored at a wavelength of 410 nm and analyzed by the ChemStation software (Agilent Technologies). Identification and quantification of plumbagin were performed on the basis of retention time and peak area of the authentic standard of plumbagin (LKT Laboratories).

Animal Treatments {#sec2-4}
-----------------

7-week-old male intelligent character recognition (ICR) mice were obtained from the National Laboratory Animal Center (Mahidol University, Nakhon Pathom, Thailand) and housed in the Animal Unit of Faculty of Pharmaceutical Sciences, Khon Kaen University (Khon Kaen, Thailand) under a controlled temperature (23 ± 2°C) and humidity (45 ± 2%). The protocol for animal handling and treatment was approved by the Animal Ethics Committee for Use and Care of Khon Kaen University (Approval No. AEKKU04/2558). At all times, the mice were housed on wood shaved bedding in polysulfone cages with *ad libitum* access to water and commercial rodent diet (SmartHeart^®^ from Perfect Companion Pet Care Company, Bangkok, Thailand). The mice were intragastrically administered plumbagin (1, 5, and 15 mg/kg/day) or the PI extract (20, 200, and 1,000 mg/kg/day) in a 0.5% carboxymethyl cellulose solution (CMC) consecutively for 14 days (*n* = 5 for each group). The control group was daily given the vehicle (0.5% CMC) for the same period. At 24 h after the last treatment, the mice were sacrificed. The mouse plasma and livers were collected and immediately stored at --20°C for further analysis.

Hepatic Histomorphological Examination {#sec2-5}
--------------------------------------

Liver tissues were collected and examined their histomorphology under a light microscope. The tissues were fixed by immersion in 10% neutral buffered formalin overnight before being dehydrated by ethanol then embedded in paraffin. The paraffin pieces were sectioned using a microtome before being placed on microscopic slides. The slides with embedded liver tissue were stained with hematoxylin and eosin (H&E) and further evaluated for their hepatic histomorphological patterns at ×20 magnification using Nikon Eclipse TS100 inverted microscope with ELWD condenser: N.A. 0.3 (W.D. 75 mm). The image was analyzed and displayed on the screen using NIS-Elements D software \[[@ref32]\].

Assessment of Plasma ALT and AST {#sec2-6}
--------------------------------

The blood samples were centrifuged at 5,000×*g* at 4°C for 10 min. The supernatant was collected and incubated with ALT or AST substrates at 37°C for 5 min before further incubation with a 2,4-dinitrophenylhydrazine for 20 min. The reaction was stopped by adding 4 N NaOH before measuring the absorbance at a wavelength of 505 nm. The ALT and AST levels were determined using pyruvate as a standard \[[@ref32]\].

Determination of Protein Content {#sec2-7}
--------------------------------

The liver homogenate was diluted 50 folds with distilled water before determination of protein content using the Bradford method \[[@ref33]\]. The absorbance of the mixture of the liver homogenate and Bradford solution was measured at a wavelength of 595 nm. The protein content was calculated using bovine serum albumin as a standard.

Assessment of SOD Activity {#sec2-8}
--------------------------

SOD activity was assessed as previously described \[[@ref34]\]. Briefly, a mixture containing liver homogenate, chloroform, and ethanol was centrifuged at 13,000*×g*, 4°C for 30 min. The supernatant was collected and incubated with a mixture of xanthine, xanthine oxidase, and NBT at 25°C for 20 min. The reaction was stopped by adding CuCl~2,~ and the absorbance was measured at a wavelength of 550 nm. The SOD activity was calculated compared to the SOD standard.

Assessment of CAT Activity {#sec2-9}
--------------------------

CAT activity was assessed by the colorimetric method of Goth (1991) with some modifications \[[@ref34]\]. The liver homogenate was incubated with H~2~O~2~ at 37°C for 1 min before adding ammonium molybdate to stop the reaction. The absorbance was measured at a wavelength of 405 nm. The CAT activity was calculated compared to the CAT standard.

Determination of the Lipid Peroxidation {#sec2-10}
---------------------------------------

The lipid peroxidation was determined by measuring the level of MDA formation \[[@ref34]\]. In brief, TCA and TBA were added to the liver homogenate pre-incubated at 37°C for 1 h, followed by boiling at 100°C for 15 min. The reaction was immediately cooled down by immersion in an ice-bath before adding excess TCA to stop the reaction. The reaction mixture was then centrifuged at 1,123*×g*, 4°C for 5 min. The spectrofluorometric intensity of the supernatant was measured with excitation and emission wavelengths of 520 and 590 nm, respectively. The thiobarbituric acid-reactive substances (TBARS) content was calculated compared with the standard MDA.

Determination of Total GSH Content, the Ratio of Reduced to Oxidized GSH, and GSH Peroxidase Activity {#sec2-11}
-----------------------------------------------------------------------------------------------------

The determination of total GSH content was performed as previously described \[[@ref34]\]. Briefly, the liver homogenate was deproteinized by 5-sulfosalicylic acid (SSA) and kept at 2-8°C for 10 min before centrifugation at 10 000*×g*, 4°C for 10 min. The supernatant was then mixed with GSH reductase and DTNB before adding NADPH to start the reaction. The absorbance was measured at a wavelength of 405 nm every 60 s for 5 min. The slope of absorbance per min was plotted and compared to the standard GSH to calculate the total GSH content.

The oxidized GSH (GSSG) content was determined by the same procedure used for the determination of total GSH content after treatment of the sample with 4-vinylpyridine \[[@ref34]\]. The reduced GSH content was calculated by subtracting the GSSG content from the total GSH content.

The GPx activity was assessed as described previously \[[@ref34]\]. The liver homogenate was incubated with sodium azide at 30°C for 10 min before starting the reaction by adding the GSH substrate and H~2~O~2~. The reaction was stopped with SSA before centrifugation at 330 *× g* for 15 min. The GPx activity was measured as μmol of GSSG produced per min at 30°C, pH 7.4.

Statistical Analysis {#sec2-12}
--------------------

All data were expressed as means ± SD and analyzed by one-way ANOVA followed by least significant difference (LSD) *post hoc* test using the Statistical Package for Social Sciences statistical program. *P* \< 0.05 was considered to be significant.

RESULTS {#sec1-3}
=======

The Content of Plumbagin in the PI Extract {#sec2-13}
------------------------------------------

The PI extract was quantitatively determined for the content of plumbagin using the HPLC method, in which the validation of the method was achieved within a linearity range of 1-100 mg/mL (R^2^ = 0.9990). The precision of the method expressed as the coefficient of variation within the linearity range were 0.69 ± 0.29% (for within-day) and 0.87 ± 0.42% (for between-day). The accuracy was 102.16 ± 1.40% with the limit of determination and the limit of quantification of 10 and 34 ng/mL, respectively. The chromatograms of the plumbagin standard (retention time of 5.538 min, [Figure 1a](#F1){ref-type="fig"}) and the PI extract (retention time of 5.494 min, [Figure 1b](#F1){ref-type="fig"}) revealed that the major constituent in the PI extract was plumbagin. The content of plumbagin in the PI extract was 0.18 ± 0.01% dry weight extract.

![High-performance liquid chromatography chromatogram of the plumbagin standard and the *Plumbago indica* extract. (a) Chromatogram of the plumbagin standard at a concentration of 25 mg/mL, (b) Chromatogram of the *P. indica* extract at a concentration of 24.25 mg/mL](JIE-5-137-g001){#F1}

Effect of Plumbagin and the PI extract on Hepatic Histomorphology {#sec2-14}
-----------------------------------------------------------------

The histomorphological findings of the H&E-stained livers were shown in [Figure 2](#F2){ref-type="fig"}. The control group demonstrated normal hepatic histomorphology \[[Figure 2a](#F2){ref-type="fig"}\]. Mice fed with the lowest dose of plumbagin (1 mg/kg/day) \[[Figure 2b](#F2){ref-type="fig"}\] and the PI extract (20 mg/kg/day) \[[Figure 2e](#F2){ref-type="fig"}\] were not found any change in hepatic histomorphological anatomy compared to the control group. However, at the higher doses of both plumbagin and the PI extract, the evidence of liver injury was observed. The livers of mice received plumbagin (5 and 15 mg/kg/day) \[[Figure 2c](#F2){ref-type="fig"} and [d](#F2){ref-type="fig"}\] and the PI extract (200 and 1,000 mg/kg/day) \[[Figure 2f](#F2){ref-type="fig"} and [g](#F2){ref-type="fig"}\] were presented the nuclear shrinkage, where the nuclear chromatin materials were condensed and clumped together. In addition, at the highest doses of plumbagin (15 mg/kg/day) \[[Figure 2d](#F2){ref-type="fig"}\] and the PI extract (1,000 mg/kg/day) \[[Figure 2g](#F2){ref-type="fig"}\], the hepatic hydropic cell swelling, where the cytoplasm of hepatocyte was filled with vacuoles, and nuclear fading along with some hepatocyte nuclei disappearance were extensively observed. These hepatic histopathological findings revealed that plumbagin and the PI extract induced hepatotoxicity in the dose-dependent pattern.

![Liver histomorphology. Hepatic histomorphology of the mice treated with (a) control, 0.5% carboxymethyl cellulose (CMC), i.g., for 14 days, (b-d) Plumbagin in 0.5% CMC at the doses of 1, 5, and 15 mg/kg/day, i.g., for 14 days, (e-g) *P. indica* extract in 0.5% CMC at the doses of 20, 200, and 1,000 mg/kg/day, i.g., for 14 days. BD: Bile duct; PV: Portal vein. Open arrows indicate nuclear shrinkage. Closed arrows and circles indicate hydropic cell swelling](JIE-5-137-g002){#F2}

Effect of Plumbagin and the PI Extract on ALT and AST Levels {#sec2-15}
------------------------------------------------------------

Plumbagin and the PI extract had no significant influence on the profile of mouse body weight \[[Figure 3](#F3){ref-type="fig"}\]. However, the treatments with plumbagin and the PI extract significantly elevated the levels of ALT and AST, compared with the control mice \[[Table 1](#T1){ref-type="table"}\]. While plumbagin significantly increased both plasma ALT and AST levels in a dose-dependent manner, the PI extract only increased the AST levels dose-dependently; the ALT levels were increased in a dose-independent manner.

![The weight profiles of mice during the treatments with plumbagin and the *Plumbago indica* extract. Mice were treated as described in the method (*n* = 5). Plum 1, 5, and 15, plumbagin in 0.5% carboxymethyl cellulose (CMC) at the doses of 1, 5, and 15 mg/kg/day, i.g., for 14 days; *P. indica* 20, 200, and 1,000, *P. indica* extract in 0.5% CMC at the doses of 20, 200, and 1,000 mg/kg/day, i.g., for 14 days](JIE-5-137-g003){#F3}

###### 

The levels of ALT and AST in the mice after the treatments of plumbagin or the *P. indica* extract for 14 days

![](JIE-5-137-g004)

Effect of Plumbagin and the PI Extract on Lipid Peroxidation in the Mouse Livers {#sec2-16}
--------------------------------------------------------------------------------

The levels of MDA formation were significantly increased in a dose-dependent pattern by both plumbagin and the PI extract \[[Figure 4](#F4){ref-type="fig"}\], corresponding with the increases of ALT and AST levels.

![The hepatic lipid peroxidation in the mouse livers after the treatments with plumbagin and the *Plumbago indica* extract. Mice were treated, and the levels of malondialdehyde (MDA) formation were measured as described in the method (*n* = 5). \**P* \< 0.001 versus Control using one-way ANOVA with least significant different post hoc test](JIE-5-137-g005){#F4}

Effect of Plumbagin and the PI Extract on SOD and CAT Activities in the Mouse Livers {#sec2-17}
------------------------------------------------------------------------------------

Both of plumbagin and the PI extract significantly lowered SOD activity in the mouse livers to at least 2 times lesser than the control group \[[Figure 5](#F5){ref-type="fig"}\]. The CAT activity was significantly decreased by both plumbagin and the PI extract in a dose-dependent pattern \[[Figure 6](#F6){ref-type="fig"}\].

![The superoxide dismutase (SOD) activity in the mouse livers after the treatments with plumbagin and the *Plumbago indica* extract. Mice were treated, and the SOD activity was measured as described in the method (*n* = 5). \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 versus control using one-way ANOVA with least significant different post hoc test](JIE-5-137-g006){#F5}

![The catalase (CAT) activity in the mouse livers after the treatments with plumbagin and the *Plumbago indica* extract. Mice were treated, and the CAT activity was measured as described in the method (*n* = 5). \**P*\<0.05, \*\**P*\<0.001 versus control using one-way ANOVA with least significant different post hoc test](JIE-5-137-g007){#F6}

Effect of Plumbagin and the PI Extract on the GSH Profile and GPx Activity in the Mouse Livers {#sec2-18}
----------------------------------------------------------------------------------------------

Either an increase or decrease in the total GSH, GSH, and GSSG contents was noted \[[Table 2](#T2){ref-type="table"}\] in accord with the reduction of SOD and CAT activities \[Figures [5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"}\]. Total GSH and GSH contents were significantly reduced or even unchanged by plumbagin, whereas those levels were modified, increased, decreased, or unchanged by the PI extract. Regarding the GSSG content, increase or a decrease was observed by either plumbagin or the PI extract. The ratio of GSH to GSSG was significantly reduced by plumbagin but unchanged by the PI extract.

###### 

The glutathione profiles in the mouse livers after the treatments of plumbagin or the *P. indica* extract for 14 days

![](JIE-5-137-g008)

The GPx activity was significantly induced by plumbagin at the dose of 5 mg/kg/day and the PI extract at the dose of 1,000 mg/kg/day \[[Figure 7](#F7){ref-type="fig"}\]. These findings corresponded with the increases in the GSSG contents \[[Table 2](#T2){ref-type="table"}\].

![The glutathione peroxidase (GPx) activity in the mouse livers after the treatments with plumbagin and the *Plumbago indica* extract. Mice were treated, and the GPx activity was measured as described in the method (*n* = 5). \**P* \< 0.001 versus control using one-way ANOVA with least significant difference post hoc test](JIE-5-137-g009){#F7}

DISCUSSION {#sec1-4}
==========

In our study, the yield of plumbagin in the PI extract was 0.18 ± 0.01% dry weight which well correlated with the previous studies of the chloroform extract of PI root of 0.17% \[[@ref10]\] and the ethanolic extract of PI root of 0.20% \[[@ref35]\].

PI is extensively used in Ayurvedic and Thai traditional remedies, especially as a hematinic agent and for post-partum women \[[@ref2]\]. Besides, the numerous pharmacological properties, the active constituent of PI, plumbagin, have been reported to possess many undesirable effects \[[@ref25]\] principally due to its capability to generate ROS, leading to an imbalance of the oxidant-antioxidant system \[[@ref26],[@ref27]\]. The accumulation of ROS induces excessive lipid oxidation, further along with oxidative attack to lipids, proteins, and DNA materials. This results in damage of cellular components including cellular membranes, functional and structural proteins, and DNA components \[[@ref29]\]. In addition to non-specific tissue damage, ROS, particularly H~2~O~2~, was able to activate transcription factors of the nuclear factor kappa B family, which activates the inflammatory process \[[@ref36],[@ref37]\]. Further study reported that H~2~O~2~ acted as a second messenger which activated protein kinase cascades coupled to inflammatory gene expression \[[@ref36]\]. This information indicates that ROS not only produces non-specific damage to cellular components but also activates inflammation of the tissue. However, there is currently very little toxicological information regarding either plumbagin or the PI extract. In one study, Sumsakul *et al*. (2014) performed acute and subacute toxicity screening of plumbagin in ICR mice \[[@ref12]\]. In the acute toxicity screening, a single dose of 100 mg/kg plumbagin showed no significant behavioral change, but a single dose of plumbagin at either 200 or 500 mg/kg led to anxiety and agitation and resulted in death within 24 h \[[@ref12]\]. The subacute toxicity was investigated by oral administration of plumbagin (25, 50, and 100 mg/kg/day) for 14 days. The mice given with the two higher doses died within 8-11 and 4-8 days, respectively \[[@ref12]\]. In another subacute toxicity study in rats, increases in serum alkaline phosphatase and ALT levels were noted following daily intraperitoneal administration of the PI root extract (50 mg/kg/day) for 30 days \[[@ref38]\]. Our study is the first time to reveal the hepatotoxic impacts of the oral administration of plumbagin and the PI extract through the increased levels of transaminases in plasma and modification of antioxidative system in the mouse livers, including the increase in lipid peroxidation, the modulatory activities of antioxidative enzymes (SOD, CAT, and GPx), and related GSH profiles with lowering level of the GSH/GSSG ratio.

The LD~50~ of plumbagin in mice was reported at 16 mg/kg \[[@ref25]\] with the oral bioavailability of 38.7% \[[@ref39]\], and the LD~50~ of the ethanolic extract of PI root in mice was noted at 1,250 mg/kg \[[@ref38],[@ref40]\]. Therefore, the doses of plumbagin of 1, 5, and 15 mg/kg/day and the PI extract of 20, 200, and 1,000 mg/kg/day were presently employed to examine their hepatotoxicity.

The mouse livers were collected and examined under a light microscope to evaluate hepatic histomorphological changes after the administration of plumbagin and the PI extract. Liver injury induced by drugs or herbs can be presented with all kinds of patterns representing primary liver diseases \[[@ref31]\]. The most common histopathological sign of drug-induced liver injury is acute hepatitis, with or without cholestasis. The hallmarks of acute hepatitis include portal and parenchymal inflammation and hepatocellular injury with or without necrosis \[[@ref31]\]. In the present study, the lowest doses of either plumbagin (1 mg/kg/day) or the PI extract (20 mg/kg/day) did not change the histomorphological anatomy of the mouse liver while the higher doses of plumbagin and the PI extract underwent serious hepatic histomorphological changes. At the low concentrations of plumbagin (1 mg/kg/day) and PI extract (20 mg/kg/day), ROS production had only risen slightly which likely did not disturb the balance in the antioxidative system, a known cause of liver tissue damage. Nuclear shrinkage is a phenomenon where the nuclei are shrunken and dark, but still intact \[[Figure 2c](#F2){ref-type="fig"} and [d](#F2){ref-type="fig"}, [f](#F2){ref-type="fig"} and [g](#F2){ref-type="fig"}\]. This happens as an early stage of cellular degeneration as a sequence of chromatin clumping before the nuclear envelope is ruptured and the nucleus is disappeared, as known as nuclear fragmentation and nuclear fading, respectively \[[@ref41]\]. The proposed mechanism behind these phenomena is the activation of caspase enzymes due to alterations of mitochondrial status, which, in turn, activates the intrinsic apoptotic pathway, resulting in DNA fragmentation and proteolysis of nuclear polypeptides \[[@ref42],[@ref43]\]. In this study, the liver tissues of the mice receiving plumbagin of 5 mg/kg/day and the PI extract of 200 mg/kg/day were presented with hepatic nuclear shrinkage \[[Figure 2c](#F2){ref-type="fig"} and [f](#F2){ref-type="fig"}\] while those receiving the highest doses of both plumbagin and the PI extract demonstrated hepatic nuclear fading \[[Figure 2d](#F2){ref-type="fig"} and [g](#F2){ref-type="fig"}\], indicating an increase in cellular injury severity with the dose. Hepatic hydropic cell swelling was additionally observed \[[Figure 2d](#F2){ref-type="fig"} and [g](#F2){ref-type="fig"}\]. This was due to the accumulation of water in the cytoplasm, indicating a severe but reversible hepatic injury, which is not yet lethal but can result in liver lytic necrosis if the causative is continued \[[@ref44]\]. To date, there is no study of the PI extract regarding its toxicological effects inducing hepatic histopathology. There is only one study claimed for the hepatoprotective effect of PI extract in Wistar albino rats induced hepatotoxicity using paracetamol. The PI extract at 200 and 400 mg/kg/day for 14 days were reported to prevent hepatic histopathological injury caused by paracetamol \[[@ref45]\]. However, in the present study, the hepatic histopathology caused by the PI extract was indicated from the dose of 200 up to 1,000 mg/kg/day. The differences in experimental species and strains possibly affect the bioavailability of the PI extract including their susceptibility to toxicity. In addition, the solvent and extraction condition which were different between the studies of Rajasekaran *et al*. \[[@ref45]\] (Soxhlet extraction using ethanol at 68°C for 72 h) and our study (soxhlet extraction using methanol at its boiling temperature for 3 h) might influence on the amounts of constituents in the extracts. Hence, the outcomes are possibly not the same.

Hepatocytes contain intracellular ALT and AST enzymes \[[@ref46]\]. AST is additionally found in skeletal muscles and erythrocytes. Therefore, AST is a biomarker indicating the damage of liver and other organs \[[@ref47]\], whereas ALT is rather quite specific to liver injury \[[@ref48]\]. Elevations of these two intracellular transaminase enzymes in the serum indicate leakage of hepatocytes, therefore suggesting liver injury \[[@ref49]\]. Plumbagin and the PI extract significantly induced both ALT and AST in the mouse plasma suggesting the occurrence of liver injury. In addition, elevation of the plasma AST level was more prominent than that of the ALT, indicating a possibility of injury in extrahepatic organs.

TBARS assay measures formation of MDA, a product resulting from oxidative damage of lipid \[[@ref50]\]. The dose-dependent increase in the MDA levels observed in the mouse livers after the treatment with either plumbagin or the PI extract suggested that these treatments lead to lipid peroxidation in the hepatic tissues. By contrast, a single intraperitoneal dose of plumbagin at \<4 mg/kg was reported to decrease hepatic MDA levels, protecting against oxidative damage in adult male Wistar rats \[[@ref51]\]. In addition, *Plumbago zeylanica* (white leadwort) extract provided a hepatoprotective effect in alcohol intoxicated Wistar albino rats \[[@ref52]\]. It is likely that these different findings result from differences in species and strains of experimental animals, cultivation and harvesting of the herb, the method of extraction, and the dosage regimens employed in the different studies. Our investigation observed the effects of plumbagin and the PI extract in the ICR mice at a stronger dosage regimen with a longer period of administration, representing the Thai traditional regimens of PI.

The antioxidative enzymes, SOD, CAT, and GPx, provide the first line of defense against oxidative damage \[[@ref53]\]. SOD is the first enzyme in the antioxidant armory, catalyzing superoxide into H~2~O~2~, which is then converted into oxygen and water by GPx and CAT \[[@ref53]\]. GPx is responsible for the detoxification process when low amounts of H~2~O~2~ are present, followed by CAT after saturation of GPx \[[@ref54]\]. We observed an inhibitory effect of plumbagin and the PI extract on the hepatic SOD and CAT activities, whereas the GPx activity was provoked. Correspondingly, plumbagin was reported to modify the expression of genes involved in ROS metabolism; down-regulation of CAT and mitochondrial Mn-SOD expression while up-regulating the expression of GPx in LNCaP cells \[[@ref55]\].

GSH is a non-enzymatic intracellular antioxidant present in all mammalian tissues; however, it is most abundant in the liver which is the main site of GSH synthesis \[[@ref56]\]. Total GSH content consists of the reduced form (GSH) plus the oxidized form (GSSG). During oxidative stress, GSH is oxidized to GSSG, which is then converted back to its reduced form by GSH reductase (GR). Over-capacity of GR leads to the export of excess GSSG out of the cell \[[@ref56]\]. In our hands, both plumbagin and the PI extract depleted the hepatic GSH content while increased the hepatic GSSG content, resulting in a decrease in the GSH/GSSG ratio and imbalance of the oxidant-antioxidant system.

This imbalance in the cellular redox status ultimately results in hepatic oxidative stress as demonstrated by the elevation of hepatic MDA levels. Prolong oxidative stress then results in chronic inflammation and cellular injury \[[@ref29]\]. Hence, we propose a model for plumbagin- and the PI-induced hepatotoxicity; plumbagin and the PI extract initiated oxidative stress in the hepatic tissue through an imbalance of the hepatic antioxidative system: A decrease in SOD and CAT activity along with an increase in GPx activity and deterioration of the GSH antioxidant system. These findings resulted in increases in the hepatic lipid peroxidation and hepatocyte injury as demonstrated by the increases in plasma ALT and AST levels, including hepatic histopathological changes.

CONCLUSION {#sec1-5}
==========

Herewith the specific hepatotoxic properties of plumbagin and the PI extract were underlined. The findings suggest that practitioners should be cautious for the use of plumbagin or PI-containing supplements, especially if they are consumed at high quantity or for a long period. In addition, it is worth for further study on the pharmacology and toxicology of plumbagin and the PI extract in depth at the molecular mechanism.
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